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Removal of Ca2 Channel 3 Subunit Enhances Ca2
Oscillation Frequency and Insulin Exocytosis
type Ca2 channel. Since the increase in insulin release
was manifested only at high glucose concentrations,
blocking the 3 subunit in the  cell may constitute
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(Figure 1A). To clarify the role of the 3 subunit in the 
cell stimulus-secretion coupling, we made use of 3-
Summary deficient (3/) mice (Murakami et al., 2002). We found
no significant difference between wild-type and 3/
An oscillatory increase in pancreatic  cell cyto- mice in the expression levels of2 in cell lysates (Figure
plasmic free Ca2 concentration, [Ca2]i, is a key fea- 1A). This indicates that there was no apparent compen-
ture in glucose-induced insulin release. The role of the satory increase of the expression of the other  subunits
voltage-gated Ca2 channel3 subunit in the molecular in  cells from 3/ mice. To evaluate possible impacts
regulation of these [Ca2]i oscillations has now been of 3 subunit gene deletion on pancreatic islet morphol-
clarified by using 3 subunit-deficient  cells. 3 knock- ogy, we performed immunocytochemical analysis. We
out mice showed a more efficient glucose homeosta- did not detect any appreciable difference in either islet
sis compared to wild-type mice due to increased glu- size or composition between wild-type and 3/ mice
cose-stimulated insulin secretion. This resulted from (Figures 1Ba and 1Bb). Confocal microscopy revealed
an increased glucose-induced [Ca2]i oscillation fre- that wild-type and 3/ mouse pancreatic islets dis-
quency in  cells lacking the 3 subunit, an effect ac- played similar abundance and distribution pattern of 
counted for by enhanced formation of inositol 1,4,5- and  cells (Figures 1Bc and 1Bd). Hence, our data
trisphosphate (InsP3) and increased Ca2 mobilization demonstrate that deletion of the 3 subunit did not alter
from intracellular stores. Hence, the 3 subunit nega- either pancreatic islet morphology or architecture. With
tively modulated InsP3-induced Ca2 release, which is regard to physiology, the 3/ mice grew normally, lived
not paralleled by any effect on the voltage-gated L longer than one year, were fertile, and had no obvious
symptoms. Intraperitoneal and oral glucose tolerance
tests were carried out (Figures 1C and 1D). Although*Correspondence: per-olof.berggren@molmed.ki.se
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Figure 1. Targeted Disruption of the Ca2
Channel 3 Gene and Effects on Insulin Re-
lease
(A) Western blots of protein extracts (75 g
per lane) from wild-type islets () and 3/
islets () using 1-, 2-, 3-, and 4-specific
antibodies and a GAPDH antibody, for con-
trol. Experiments were repeated at least four
times using two independent wild-type and
3
/ islet preparations.
(B) Morphology of pancreatic islets from wild-
type (Ba) and 3/ mice (Bb). Distribution
pattern of  cells (green) and  cells (red) in
pancreatic islets from wild-type (Bc) and3/
mice (Bd). Bar  20 m.
(C) Intraperitoneal glucose tolerance test (n
9–10) and (D) oral glucose tolerance test in
wild-type (open circles) and 3/ (filled cir-
cles) mice (n  6). *p  0.05 versus the same
parameter in wild-type mice, Student’s t test
for unpaired data.
(E–G) Insulin secretion in wild-type (open
bars) and 3/ (filled bars) mice. (E) Insulin
secretion from intact isolated pancreatic is-
lets (n  18). Islets were challenged with dif-
ferent concentrations of glucose (Glu). ***p 
0.001 versus insulin secretion at 16.7 mM glu-
cose in islets from wild-type mice, the differ-
ence of means estimated by analyses of vari-
ance (ANOVA), with p values corrected by the
Bonferroni method using Statistica for Win-
dows (version 5.0, StatSoft, Tulsa, Okla-
homa). (F) Insulin secretion from electroper-
meabilized pancreatic islets (n  18). Islets
were challenged with different free Ca2 con-
centrations. (G) Transduction of pancreatic
islets from wild-type (open bars) and 3/
mice (filled bars) with 3 subunit of voltage-
gated Ca2 channel. Insulin secretion was
measured in response to 16.7 mM glucose at
24 hr after transduction. ***p  0.001, versus
insulin secretion at 16.7 mM glucose in mock-
transduced islets from 3/ mice (n 20–32),
the difference of means estimated by analy-
ses of variance (ANOVA), with p values cor-
rected by the Bonferroni method.
there was no significant difference in fasting blood glu- electropermeabilized islets at basal and elevated Ca2
concentrations (Figure 1F). No difference in insulin se-cose levels, 3/ mice demonstrated a more efficient
glucose homeostasis, exemplified by the more effective cretion between islets from3/and wild-type mice was
observed under any of these conditions. Transduction ofglucose removal from the blood, compared to wild-type
mice. The effect of the 3 subunit on insulin release in 3-deficient islets with a 3-encoding adenoviral expres-
sion construct changed the pattern of glucose-inducedisolated pancreatic islets is shown in Figures 1E–1G.
There was no difference in insulin secretion at basal insulin release towards that observed in wild-type islets
(Figure 1G). Hence, the more efficient glucose homeo-glucose concentration, whereas at stimulatory concen-
trations of the sugar, islets from 3/ mice showed stasis observed in 3/ mice is likely to be explained
by an increased insulin release. There was no differencesignificantly higher insulin release, approximately 200%,
compared to islets from wild-type mice (Figure 1E). To in glucose metabolism between wild-type islets and is-
lets from 3/ mice, as indicated from measurements ofclarify whether the 3 subunit directly affects the exocy-
totic machinery, we investigated insulin release from NAD(P)H fluorescence (P.-O.B. et al., unpublished data).
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To investigate the molecular mechanisms underlying in [Ca2]i. Subsequent to stimulation with high glucose,
there was no difference in amplitude of the initial in-the more pronounced insulin release in response to glu-
cose in pancreatic islets from 3/ mice, the electro- crease in [Ca2]i between islets from 3/ and wild-type
mice (Figures 4A–4E). The changes in [Ca2]i subsequentphysiological properties of the voltage-gated L type
Ca2 channels were studied at both the whole-cell and to the initial increase were categorized regarding the
presence (Figures 4A and 4B) or the absence (Figuressingle-channel level. Figure 2A shows the current-volt-
age (I-V) relationships of 3/ and wild-type  cells 4C and 4D) of oscillations. Oscillations were observed
in 67% of the islets from 3/ mice (n  42) versus 40%applying the whole-cell approach of the patch-clamp
technique. In the physiological potential range, there of the islets from wild-type mice (n  43). Moreover,
there was a significant difference in the distribution ofwas no significant difference between 3/ and wild-
type  cells. It is well known that  subunits can affect observed periods of oscillations in [Ca2]i (Figure 4F)
between the islets from 3/ mice and the islets fromkinetics of voltage-gated Ca2 currents (Dolphin, 2003a).
It is therefore of interest to note that also voltage-depen- the wild-type mice (p  0.001, 2-test). In contrast to
wild-type mice, islets from 3/ mice predominantlydent activation/inactivation properties of the Ca2 cur-
rents were similar in 3/ and wild-type mice (Figures exhibited high-frequency [Ca2]i oscillations. The inte-
gral increase in [Ca2]i, measured as area under the2B–2D). However, there is still a possibility that removal
of the 3 subunit alters L type Ca2 channel activity curve, from individual islets was not different in islets
from 3/ and wild-type mice (Figure 4G). Thus, within the intact milieu represented by the cell. Therefore,
perforated whole-cell recordings of the activity of volt- regard to glucose-induced changes in [Ca2]i, the only
parameter differing between islets obtained from 3/age-gated L type Ca2 channels were performed. Figure
2E shows the current-voltage relationships of 3/ and mice and control mice was the penetrance of high-fre-
quency [Ca2]i oscillations.wild-type  cells. Also under these conditions there was
no significant difference in Ca2 current density between The location of the pancreatic  cell within the islet
of Langerhans offers a unique microenvironment in3/ and wild-type cells. These results indeed suggest
that  cells lacking the 3 subunit displayed similar activ- terms of signal generation/integration. Hence, the  cell
stimulus-secretion coupling is regulated by a sophisti-ity of L type Ca2 channels as wild-type  cells. To
clarify the possibility of differences in Ca2-dependent cated interplay between glucose and a plethora of addi-
tional factors including other nutrients, neurotransmit-inactivation between 3/ and wild-type  cells, the
perforated patch whole-cell configuration and depolar- ters, islet-generated factors, and systemic growth
factors, all present within the milieu of the islet (for reviewization from a holding potential of 70 mV to 10 mV,
evoking maximal Ca2 influx, were chosen to induce see Barker et al., 2002). The stimulatory effects of neuro-
transmitters, such as acethylcholine/carbamylcholinemaximal Ca2-dependent inactivation.  cells with or
without 3 subunits exhibited a similar time constant (	) (CCh), are mediated through G proteins coupled to the
PLC system (for review see Barker et al., 2002). Releasewith regard to voltage-gated Ca2current decay (Figures
2F and 2G), demonstrating that 3 subunit gene deletion of neurotransmitters within the pancreatic islet will con-
sequently activate the  cell PLC system, resulting indid not interfere with Ca2-dependent inactivation of
voltage-gated Ca2 currents in the  cell. These results increased levels of InsP3 and thereby mobilization of
Ca2 from endoplasmic reticulum (ER) (Berggren andare in line with those demonstrating that expression of
3 subunits in Xenopus oocytes modulates the inactiva- Larsson, 1994). In the pancreatic  cell, [Ca2]i oscilla-
tions are dependent upon a complex interplay betweention of coexpressed Cav2.2 and Cav2.3 (N type and R type
1 subunit) without affecting inactivation of coexpressed Ca2 and K conductances of plasma membrane and
ER channels (Berggren and Larsson, 1994; Roe et al.,Cav1.2 (LC type 1 subunit) (Yasuda et al., 2004). Cell-
attached single-channel recordings were made to com- 1993). We have previously shown that the  cell exhibits
InsP3-mediated periodic increases in [Ca2]i and thatpare biophysical properties of the  cell voltage-gated
L type Ca2 channel in 3/ mice with those in wild- this mechanism is likely to be involved in the regulation
of the glucose-induced oscillatory [Ca2]i responsestype mice. As shown in Figure 3A, Ba2 currents flowing
through single Ca2 channels recorded from a patch (A¨mma¨la¨ et al., 1991). In addition, we have shown simul-
taneous oscillations in InsP3 concentration and [Ca2]iattached to a  cell lacking the 3 subunit did not differ
markedly from those obtained in a wild-type  cell. Sin- in synchronized mouse  cell suspensions (Barker et
al., 1994). [Ca2]i oscillations are thus dependent on bothgle-channel parameter analysis showed no striking dif-
ference in mean open time, open probability, and avail- Ca2 influx over the plasma membrane and Ca2 mobili-
zation from intracellular ER stores, the latter generatedability between wild-type and 3/ mice (Figures
3D–3F). The data obtained from single-channel re- by activation of the PLC system, primarily by the pres-
ence of intra-islet neurotransmitters and to some extentcordings indicate that removal of the 3 subunit did not
influence biophysical properties of the  cell voltage- also by autocrine and paracrine feedback loops within
the islet, resulting in the formation of InsP3.gated L type Ca2 channel. The reason for this is not
clear but may reflect the possibility of already existing To gain further insights into the involvement of InsP3-
induced Ca2 mobilization from intracellular ER stores1/2 complexes maintaining functional voltage-gated
Ca2 channels in the  cell plasma membrane. This in the generation of [Ca2]i oscillations, both 3/ and
wild-type  cells were treated with thapsigargin, an in-means that the more pronounced insulin release in re-
sponse to glucose in 3/ mice cannot be explained by hibitor of the ER Ca2-ATPase, and Xestospongin-C, a
blocker of the InsP3 receptor. Treatment of  cells withan increased L type Ca2 channel activity.
Since there was no effect of removing the 3 subunit thapsigargin is known to transform [Ca2]i oscillations
into a monophasic elevation in [Ca2]i (Roe et al., 1998).on Ca2 channel activity, we next investigated changes
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Figure 2. Whole-Cell Voltage-Gated Ca2 Currents in Wild-Type and 3/  Cells
(A) Conventional whole-cell Ca2 current-voltage relationship generated by 100 ms depolarizing pulses between 70 and 30 mV in 10 mV
increments from a holding potential of 80 mV in wild-type (o) and 3/ (•) mice (n  47).
(B) Voltage-dependent activation curves in wild-type (o) and 3/ (•) mice, measured using 10 ms conditioning pulses from a holding potential
of 80 mV to potentials between 70 and 30 mV, followed by a test pulse to 50 mV. Current (I) at 50 mV was plotted as a function of
depolarization potentials (V) (n  20).
(C) Voltage-dependent inactivation curves in wild-type (o) and 3/ (•) mice, measured using 1 s conditioning pulses from a holding potential
of 80 mV to potentials between 70 and 0 mV, followed by a test pulse to 10 mV. Current (I) at 10 mV was plotted as a function of
depolarization potentials (V) (n  20).
(D) Sample whole-cell Ca2 current traces registered in wild-type (middle panel) and a 3/  cell (lower panel) showing similar voltage-
dependent inactivation. Voltage protocol consisting of 1 s conditioning pulses from a holding potential of 80 mV to potentials between 70
and 0 mV, followed by a test pulse to 10 mV (upper panel). The traces were truncated.
(E) Perforated patch whole-cell Ca2 current-voltage relationships in  cells from wild-type (o) and 3/ mice (•) (n  38).
(F) Sample whole-cell Ca2 current traces, elicited by a 100 ms depolarizing voltage pulse from a holding potential of 70 mV to 10 mV,
showing similar inactivation rate in a wild-type (lower trace) and a 3/  cell (upper trace).
(G) Time constants (	) of voltage-gated Ca2 current decay during depolarization in  cells from wild-type and 3/ mice. The 	 value was
obtained by fitting whole-cell Ca2 current traces, evoked by an 80 mV depolarizing voltage pulse from a holding potential of 70 mV, with
single exponential functions (n  38). The data are presented as means 
 SEM. Statistical significance was evaluated by unpaired Student’s
t test.
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277
Figure 3. Single Voltage-Gated L Type Ca2
Channel Properties in Wild-Type and 3/
 Cells
(A) Examples of single Ca2 channel currents
recorded from cell-attached patches on a
wild-type cell (left) and a 3/ cell (right).
(B) Open time distributions from the same
patches (left: wild-type; right: 3/) as in (A).
Open times in both patches were fit by a sin-
gle exponential function, indicating only one
channel in the patch.
(C) Current amplitude distributions from the
same patches (left: wild-type; right: 3/) as
in (A). Current amplitudes in both patches ex-
hibit Gaussian’s distributions with a clear
separation between closed (C) and open (O)
states, indicating only one conductance level
in the patch.
(D) Summary graph of changes in mean open
time in wild-type cells and 3/ cells (n 15).
(E) Summary graph of changes in open proba-
bility in wild-type cells and 3/ cells (n 15).
(F) Summary graph of the percentage change
in availability in wild-type cells and 3/ cells
(n  15). The data are presented as means 

SEM. Statistical significance was evaluated
by unpaired Student’s t test.
Accordingly, 30 min preincubation of islets from both in islets treated with thapsigargin, a situation associated
with no [Ca2]i oscillatory pattern in islets from eitherwild-type and 3/ mice with 1 M thapsigargin pre-
vented glucose-induced oscillations in [Ca2]i (Figures 3/or wild-type mice (Figures 4H and 4I), was no longer
different in wild-type and3/mice (Figure 5A) suggests4H and 4I). Modulation of the InsP3 receptor with Xesto-
spongin-C transformed [Ca2]i oscillations from fast into a direct link between increased glucose-induced insulin
secretion and the higher frequency in [Ca2]i oscillatoryslow in  cells from 3/ mice (Figure 4J). Hence, also
in the 3/  cell, oscillations in [Ca2]i are dependent pattern seen in islets from 3/ mice. To further verify
this notion, changes in [Ca2]i and exocytosis were mea-on Ca2 flux through the InsP3-sensitive ER Ca2 store.
The fact that insulin release in response to glucose sured simultaneously, applying a depolarizing pulse pro-
Cell
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Figure 4. Cytoplasmic Free Ca2 Concentra-
tion in Isolated Pancreatic Islets from 3/
Mice
(A–D) Effects of 16.7 mM glucose on [Ca2]i
in islets from wild-type (A and C) and 3/
(B and D) mice. Representative traces out of
43 for wild-type and out of 42 for 3/ mice.
Times of glucose (Glu) additions are indicated
by arrows.
(E) Distribution of the initial [Ca2]i increase
in islets from wild-type (white bars) and 3/
mice (filled bars).
(F) Distribution of periods of oscillations (time
from beginning of one oscillation to beginning
of next) in islets from wild-type (white bars)
and 3/ mice (filled bars).
(G) Distribution of the integral increase in
[Ca2]i in islets from wild-type (white bars) and
3
/ mice (filled bars).
(H and I) Effects of 16.7 mM glucose (Glu) on
[Ca2]i in wild-type and 3/ pancreatic islets
pretreated with 1 M thapsigargin for 30 min.
Representative traces out of eight.
(J) Effect of the InsP3 receptor blocker Xes-
tospongin-C (Xest-C) (20 M) on glucose-in-
duced fast [Ca2]i oscillations in islets from
3
/ mice. Representative trace out of three.
tocol mimicking an oscillatory versus a monophasic 70 mV to 0 mV enhanced the exocytotic response by
71% 
 12% (p  0.05) over that seen prior to the 1 minincrease in [Ca2]i. Figure 5B shows simultaneous mea-
surements of [Ca2]i and cell capacitance, the latter a depolarization. Figure 5C shows a similar experimental
design, except that ten depolarizations of 100 ms dura-measure of insulin exocytosis, in a single voltage-
clamped  cell from wild-type mice. Two pulses of 500 tion (10 Hz) were applied, instead of the 1 min constant
depolarization, to 40 mV. This train of depolarizationsms membrane depolarizations from 70 mV to 0 mV
induced transient increases in [Ca2]i and stimulation of produced transient repetitive increases in [Ca2]i resem-
bling [Ca2]i oscillations observed in 3/ mouse isletsexocytosis. Application of a 1 min depolarization to40
mV produced a sustained elevation in [Ca2]i. This mem- stimulated with glucose. [Ca2]i increased from 138 

27 nM to 438 
 47 nM (p  0.01), which decayed tobrane depolarization increased [Ca2]i from a basal of
116 
 21 nM to 575 
 43 nM (p  0.01), which decayed 156 
 39 nM (p  0.01) upon returning to the holding
potential of 70 mV. The increase in [Ca2]i amplitudeto 133 
 37 nM (p  0.01) upon returning to the holding
potential of 70 mV. The elevation in [Ca2]i was not was similar to that obtained during the 1 min depolariza-
tion to 40 mV (see above). Again, this elevation insufficient to evoke secretion by itself. However, a subse-
quent 500 ms pulse of membrane depolarization from [Ca2]i was not associated with a change in cell capaci-
3 KO Improves Glucose Homeostasis
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Figure 5. Oscillations in Cytoplasmic Free Ca2 Concentration and Regulation of Insulin Release
(A) Insulin secretion from isolated pancreatic islets (n  11) of wild-type (open bars) and 3/ (filled bars) mice. Islets were pretreated with
1 M thapsigargin for 30 min (Tg) and then challenged with different glucose (Glu) concentrations.
(B) Changes in [Ca2]i [Ratio (F340/F380)] and cell capacitance (Cm) in single  cells from wild-type mice measured using the perforated-patch
whole-cell configuration of the patch clamp technique. Cells were voltage-clamped at 70 mV. Two 500 ms depolarizations to 0 mV elicited
increases in [Ca2]i and exocytosis. The cell was subsequently depolarized to40 mV for 1 min, followed by another two 500 ms depolarizations
to 0 mV. Changes in cell capacitance elicited by each 500 ms depolarization were recorded.
(C) As in (B), except that a train of voltage clamp depolarizations to40 mV (100 ms duration, 10 Hz) was applied instead of the 1 min sustained
depolarization as shown schematically above the [Ca2]i recordings. In (B) and (C), the experiments were continuous and representative of
a total of five experiments.
tance. Under these conditions, the subsequent exocy- to 0 mV. These findings are compatible with the notion
that the increased insulin release observed in 3/ isletstotic response to a 500 ms pulse depolarization from
70 mV to 0 mV was increased by 309% 
 27% (p  resulted from the high-frequency [Ca2]i oscillations.
With the aim to shed light on the molecular mechanism0.005) over that seen prior to the train of depolarizations.
The changes in exocytotic capacity in Figures 5B and underlying the enhanced [Ca2]i oscillation frequency in
3
/  cells, we have applied the neurotransmitter ana-5C were not associated with a change in the integrated
Ca2 current in response to the 500 ms depolarizations log CCh externally as a tool to activate the PLC system
Cell
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Figure 6. Mobilization of Ca2 from InsP3-Sensitive Intracellular Stores
Effects of 200 M CCh on [Ca2]i in isolated pancreatic islets from wild-type (A) and 3/ (B) mice. Time of CCh addition is indicated by
arrows. (C) Mean peak [Ca2]i values for experiments where islets from wild-type (open bars) and 3/ (filled bars) mice were stimulated with
CCh (n  11 and 9 for control and 3/, respectively) (**p  0.01).
(D) Immunoblot showing the absence of 3 subunit immunoreactivity in homogenates of nontreated COS-7 cells (lane 1) and COS-7 cells
transfected with pRcCMVi.DsRed2 (lane 2), and the presence in COS-7 cells transfected with pRcCMVi.3 plus pRcCMVi.DsRed2 (lane 3) and
pRcCMVi.3 (lane 4), respectively. This experiment was repeated two times.
(E and F) Representative traces of effects of extracellularly applied ATP (arrows) on [Ca2]i in COS-7 cells transfected with DsRed (mock) (E)
or DsRed plus the Ca2 channel 3 subunit (F).
(G) Mean values of [Ca2]i increases, given in arbitrary units, for COS-7 cells transfected with DsRed or DsRed plus the Ca2 channel 3 subunit
(*p  0.05). The data are presented as means 
 SEM of area under curve; n  5. Statistical significance was evaluated by unpaired Student’s
t test.
and thereby enable us to directly investigate the InsP3- pression (Figure 6D). It is of interest to note that the
presence of the 3 subunit suppressed InsP3-inducedreleasable intracellular Ca2 pool. CCh-induced activa-
tion of PLC produced a transient increase in [Ca2]i in Ca2 release, promoted by extracellularly applied ATP
(Figures 6E–6G), indeed demonstrating that this subunitislets from both 3/ and wild-type mice (Figures 6A
and 6B). The peak in [Ca2]i increase was significantly interferes with signaling through the PLC system.
To clarify the molecular mechanism underlying themore pronounced in islets from 3/ compared to wild-
type mice (Figure 6C). These results indicate that there more pronounced mobilization of intracellular Ca2 in
the 3/  cell, we investigated both a possible directwas a more pronounced PLC-/InsP3-mediated release
of Ca2 from intracellular stores in 3/ compared to interaction of the 3 subunit with the InsP3 receptor and
the involvement of this subunit in the formation of InsP3.wild-type  cells, suggesting that the 3 subunit either
interfered with the target ER receptor for InsP3 or sup- With regard to a possible direct interaction of the 3
subunit with the InsP3 receptor, we examined the subcel-pressed the formation of InsP3. To further confirm a
functional relationship between the3 subunit and InsP3- lular distribution of the 3 subunit and InsP3 receptor in
 cells using confocal microscopy in combination withinduced Ca2 release, we transiently transfected COS-
7 cells, which lack voltage-gated L type Ca2 channels, image deconvolution analysis. Anti-3 subunit antibody
specifically recognized the 3 subunit since specificwith the 3 subunit together with DsRed as a marker for
identification of transfected cells or DsRed alone (mock). staining was only observed in wild-type—but not in 3/
islet sections (Figure 7A). Interestingly, the majority ofTransfected cells expressed the 3 subunit efficiently,
both in the absence and in the presence of DsRed ex- the 3 subunit-like immunoreactivity (LI) was detected
3 KO Improves Glucose Homeostasis
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in intracellular compartments and adjacent to InsP3 re-
ceptor-LI. A proportion of the 3 subunit-LI colocalized
with InsP3 receptor-LI in wild-type  cells. These mor-
phological data may suggest a direct interaction of the
3 subunit with the InsP3 receptor. However, immunopre-
cipitation experiments, using either the full-length InsP3
receptor or part of the InsP3 receptor containing a tenta-
tive binding motif for the 3 subunit, have not revealed
any direct protein-protein interaction between the InsP3
receptor and the 3 subunit (data not shown). Neverthe-
less, if such an interaction is dynamic and only takes
place for a short period of time during the stimulatory
sequence, it may have been missed using this type of
experimental approach and can therefore, at the present
stage, not be completely ruled out. The fact that the 4
subunit has been shown to directly interact with a nu-
clear protein and thereby regulate gene transcription
(Hibino et al., 2003) demonstrates that  subunits not
only constitute a portion of the Ca2 channel but also
may regulate other cellular processes. Moreover, recent
analysis of the crystal structure of the core segment of
the Ca2 channel  subunit lend support to the view that
this subunit can serve as a multifunctional protein (Van
Petegem et al., 2004; Opatowsky et al., 2004; Chen et
al., 2004).
Next we analyzed the effect of 3 subunit removal
on InsP3 generation. When the formation of InsP3 was
induced by applying CCh for 30 s, the stimulation time
coinciding with the peak in [Ca2]i (see Figures 6A and
6B), islets from the 3/ mice produced approximately
twice the amount of InsP3 compared to islets from wild-
type mice (Figure 7C). In these experiments the islets
were labeled for 48 hr with [3H]myo-inositol to assure
that the phosphoinositide pool reached isotopic equilib-
rium, which means that the amount of label was directly
proportional to InsP3 mass (Biden et al., 1987).
The molecular mechanisms underlying the stimulatory
effect of 3 subunit removal on InsP3 production is at
the moment not clear. In this context, it is of interest to
note that it has been suggested that Ca2 channel 
subunits and the  subunit of the G protein (G) are
capable of binding to the same domain of the 1 subunit
of at least some types of voltage-gated Ca2 channels
(reviewed in Dolphin [2003b]). If this is to be true also
in the  cell, removal of the 3 subunit would allow more
of the G to bind to the 1 subunit of the voltage-gated
L type Ca2 channel and/or to an as yet unknown protein,
and thereby more of the q subunit of the G protein
(Gq) would be free to interact with PLC, leading to
the increased formation of InsP3. This particular type of
Figure 7. Distribution of the 3 Subunit and InsP3 Receptor in Pan-
creatic  Cells and Effect of 3 Removal on InsP3 Production
(A) Immunofluorescence staining of wild-type and 3/ islet sec-
polyclonal antibody to the 3 subunit and mouse monoclonal anti-tions with anti-3 antibodies. A wild-type islet section incubated
body to the type 3 InsP3 receptor. Bar  2 m.with anti-3 subunit antibody displays intense immunofluorescense
(C) Effect of 3 subunit removal on InsP3 production. Islets fromdistribution (Ac). A 3/ islet section incubated with anti-3 subunit
wild-type or 3/ mice were isolated as described in the methodsantibody (Ad) shows only low background fluorescence. Transmission
and labeled with myo-inositol for 48 hr. Islets were then stimulatedimages of corresponding cells are shown in (Aa) and (Ab). Bar 20m.
for 30 s with 200 M CCh. The data were normalized to the total(B) Distribution of the 3 subunit and type 3 InsP3 receptor in pancre-
[3H]inositol lipids in the sample, to eliminate variation in islet num-atic  cells of wild-type mice. Cells within the pancreatic islet exhibit
bers between preparations, and expressed as Ins(1,4,5)P3 versus cell-characteristic insulin-like immunoactivity. (Ba). The same cells
total [3H]inositol lipids. The data shown are the mean 
 SEM ofdisplay type 3 InsP3 receptor- (Bb) and 3 subunit-like immunoactiv-
three separate experiments. Each experiment had islets pooled fromity (Bc). Overlay of 3 subunit- (red) and type 3 InsP3 receptor-like
3–4 mice. Statistical significance was tested using an unpaired, two-immunoactivity (green) shows partial colocalization (yellow) (Bd).
tailed t test, *p  0.05.The 3 subunit and type 3 InsP3 receptor were labeled with rabbit
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Islets of control and 3/ mice (approximately 600 from eachinteraction has not yet been described for G and 1
genotype) were collected and lysed in 160 l of lysis buffer con-subunits of L type Ca2 channels, although it is clear
taining (in mM): 20 Tris-HCl, pH 8.0, 137 NaCl, 2.7 KCl, 1 mM MgCl2,that the G can interact with the 1 subunit of the L 1% Triton X-100, 10% glycerol, 10 NaF, 0.5 Na3VO4, 10g/ml leupep-type Ca2 channel (Ivanina et al., 2000). In this context tin, 0.2 PMSF, 10 g/ml Aprotinin. The homogenates (75 g per
it is of interest to note that the crystallographic analysis lane) were separated on 10% SDS-PAGE, and proteins were blotted
and probed with the anti- subunit antibodies (Murakami et al.,of the 1/ subunit complex may suggest that such a
2002). Equal loading of the slots was ascertained using a rabbitmechanism can also be operative for the L type Ca2
polyclonal anti-GAPDH antibody (Santa Cruz Biotechnology Inc.,channel under conditions where the3 subunit is missing
Santa Cruz, California). Antibodies were visualized as described(Van Petegem et al., 2004; Chen et al., 2004). Admittedly,
above.
at the present we have no experimental data supporting
such an explanation and in addition, the relatively low Immunocytochemistry and Confocal Microscopy
number of functional L type Ca2 channels in the  cell Wild-type and 3-deficient mice were anaesthetized with isofluran
(Abbott Scandinavia AB, Stockholm, Sweden). The animals wereplasma membrane may speak against this as the likely
transcardially perfused with saline (0.9% NaCl) containing 1 IE hepa-explanation. However, Ca2 channel 1 subunit proteins
rin/ml (Pharma A/S, Ballerup, Denmark), immediately followed byare also present in intracellular compartments of the 
4% paraformaldehyde (Sigma, St. Louis, Missouri). The pancreascell (Yang and Berggren, unpublished data) and could
was rapidly removed and postfixed by immersion in 4% paraformal-
in this location serve as potential binding partners for dehyde for 90 min and subsequently washed two times in 0.1 M
G. The reason for not observing any decrease in the phosphate-buffered saline (PBS) for 10 min. Fourteen micrometer
sections were cut with a Leica cryostat. Some sections were double-amplitude of Ca2 currents in 3/  cells cannot be
labeled with rabbit polyclonal antibody to glucagon (Biogenex, Sanused as a valid argument against a possible interaction
Ramon, California) and guinea pig polyclonal antibody to insulinbetween the G and the 1 subunits since a G inhibi-
(Biogenex) to identify  and  cells. The other sections were triple-tion of Ca2 channels may be counteracted by a G pro-
stained by incubation with guinea pig polyclonal antibody to insulin,
tein-mediated stimulatory effect on LD type Ca2 chan- rabbit polyclonal antibody to the 3 subunit (1:100), and mouse
nels (Scholze et al., 2001). monoclonal antibody to the type 3 InsP3 receptor (1:500; Transduc-
tion Laboratories, Lexington, Kentucky) to colocalize the 3 subunitWe now demonstrate that the 3 subunit of the volt-
and the type 3 InsP3 receptor in subcellular compartments of the age-gated L type Ca2 channel negatively modulates
cell. The antibody incubation was performed at 4C overnight. Thethe formation of InsP3 without affecting the function of
sections were then subjected to 20 min incubation with goat anti-the L type Ca2 channel. Removal of the 3 subunit guinea pig, -rabbit, and -mouse IgG coupled to Alexa 546, Alexa
is compatible with the observed enhanced both InsP3- 633, and Alexa 488 (1:200; Molecular Probes, Eugene, Oregon) at
induced Ca2 release and [Ca2]i oscillation frequency. room temperature. Wild-type islet sections where the primary anti-
bodies were omitted or 3/ islet sections incubated with anti-3This enhanced [Ca2]i oscillation frequency may consti-
subunit antibodies served as controls. The coverslips were mountedtute the molecular explanation to the increased glucose-
in ProLong Antifade (Molecular Probes) and visualized with a Leicainduced insulin release in the 3/ mice. This latter find-
TCS-SP2-AOBS confocal laser-scanner equipped with Ar, 543 nming is important and may also suggest that the 3 subunit HeNe, and 633 nm HeNe lasers and connected to a Leica DMLFSA
constitutes a novel target in the treatment of type 2 microscope (Leica Microsystems Heidelberg GmbH, Mannheim,
diabetes. One of the major problems in diabetes therapy Germany). Optical sections were captured using Leica PL APO 63/
1.32 oil and PL APO 100/1.40 oil objectives. Alexa 546, Alexa 633,today is that existing drugs are equally effective at low
and Alexa 488 linked to goat anti-guinea pig, -rabbit, and -mouseand high concentrations of glucose, which may repre-
IgG were excited by a 543, 633, and 488 nm laser line, respectively,sent a risk for individual patients to develop hypoglyce-
and the resultant emissions were collected at 555–620, 648–734,mic attacks. By blocking the 3 subunit in the pancreatic and 499–537 nm, respectively. The confocal images were analyzed
 cell, insulin will only be released at a high blood glu- with Leica Confocal Software (Leica) and Huygens Essential (Scien-
cose concentration, which ought to be demanded from tific Volume Imaging, Hilversum, Netherlands).
an efficient diabetes therapy.
Glucose Tolerance Tests
For the intraperitonial glucose tolerance tests, 2 g D-glucose perExperimental Procedures
kg bodyweight were injected intraperitoneally. For the oral glucose
tolerance tests, mice were given 1.2 g glucose per kg bodyweight.SDS-PAGE and Immunoblot Analysis
In both tests, blood samples were collected by tail bleeds.Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and immunoblotting were employed to evaluate the expres-
Islet Isolation and Islet Cell Preparationsion of the 3 subunit in COS-7 cells. COS-7 cell homogenates
Islets of Langerhans were isolated by collagenase digestion andwere denatured by heating at 96C for 3 min in electrophoresis SDS
maintained overnight in RPMI 1640 culture medium (Flow Labora-sample buffer. The proteins were separated in discontinuous gels
tories, Paisly, United Kingdom). Single cells, obtained by shakingconsisting of a stacking gel (3% acrylamide) and a separating gel,
the islets in Ca2-free medium, were seeded into plastic dishes.SDS-polyacrylamide gel (6% acrylamide). The separated proteins
were then electroblotted to hydrophobic polyvinylidene difluoride
membrane (Hybond-P; Amersham, Buckinghamshire, United King- Insulin Release
For measurements of insulin release, islets were preincubated indom). The blots were blocked by incubation for 2 hr with 5% nonfat
milk powder in a washing buffer, containing 50 mM tris(hydroxy- Krebs-Ringer bicarbonate buffer (KRBB) for 30 min at 37C. Groups
of three islets were transferred to the tubes containing 0.3 ml KRBBmethyl)aminomethane, 150 mM NaCl, and 0.05% Tween 20 (pH 7.5)
and then incubated overnight at 4C with rabbit polyclonal antibody with test substances and incubated for another 30 min at 37C. The
incubations were terminated by cooling the samples on ice. Samplesto the 3 subunit (1:500). After washing with the washing buffer, the
blots were incubated with secondary antibody (horseradish peroxi- were stored at 20C until insulin was analyzed. To measure insulin
release from permeabilized islets, islets were washed in a cold per-dase-conjugated goat anti-rabbit IgG; 1:50,000; Bio-Rad, Hercules,
California) at room temperature for 1 hr. The immunoreactive bands meabilization buffer. Islets were subsequently electropermeabilized
in this buffer by six pulses of a 3 kV/cm electric field. Groups ofwere visualized with the ECL Plus immunoblotting detection sys-
tem (Amersham). three permeabilized islets were selected and transferred to tubes
3 KO Improves Glucose Homeostasis
283
with 0.3 ml of a modified permeabilization buffer containing 2 mM known [Ca2]i. With regard to measurements of [Ca2]i in COS-7
cells, these were loaded with 2 M fura-2/AM for 30 min beforeMgATP, 2 mM creatine phosphate, 10 U/ml creatine phosphokinase,
and a free Ca2 concentration of either 30 nM or 10 M. Islets were start of experiments. During the experiment, cells, attached to a
coverslip, were continuously perifused with a 37C buffer containingincubated for 20 min at 37C. Insulin was measured by radioimmuno-
assay, using rat insulin as a standard (Novo Nordisk, Copenha- (in mM) 140 NaCl, 5 KCl, 2 CaCl2, 0.5 MgCl2, 5.5 HEPES, 10 glucose,
pH 7.4. Stimulation of the cells was done using a 1-min-long pulsegen, Denmark).
of 10 M Mg-ATP in the perifusion buffer. To visualize the fluores-
cence, a Fura/488 Combo 505 DCXRU 515-565 BP filter for theElectrophysiology
Fura-2 measurements and a FITC/Rhodamin filter for the DsRedSingle cultured  cells from 3/ and wild-type mice were used for
measurements were used. The data were collected and analyzedelectrophysiological experiments. Whole-cell currents were re-
using the LSR-Concord system (Perkin Elmer Life Sciences, Cam-corded using the conventional or perforated whole-cell configura-
bridge, United Kingdom).tion of the patch-clamp technique (Hamill et al., 1981; Yang et al.,
1999; Zaitsev et al., 2001). Single-channel recordings were made
using the cell-attached configuration (Yu et al., 2003). Recording
Transfection Studiespipettes (2–5 M) were pulled from borosilicate glass capillaries
In the transfection experiments with the Ca2 channel 3 subuniton a horizontal programmable puller (DMZ Universal Puller, Zeitz-
plasmid as well as with the DsRed plasmid, cells were seeded ontoInstrumente, Augsburg, Germany). Three different internal solutions
coverslips 24–48 hr beforehand. Transfection was performed usingwere used. The first one for conventional whole-cell recordings con-
standard Lipofectamine and Plus Reagent manufacturer-enclosedtained (in mM) 150 N-methyl-D-glucamine, 125 HCl, 10 EGTA, 1.2
protocols as described in Leibiger et al. (2001). A transfection effi-MgCl2, 3 MgATP, and 5 HEPES (pH 7.15). The second one for perfo- ciency of about 30%–50% was achieved, as evaluated from percent-rated whole-cell recordings was composed of (in mM) 76 Cs2SO4, age of DsRed fluorescent cells. Only DsRed fluorescent cells were1 MgCl2, 10 KCl, 10 NaCl, and 5 HEPES (pH 7.35), as well as ampho- monitored since it was assumed that these cells would also betericin B (0.24 mg/ml). The final one for single-channel recordings
cotransfected with the Ca2 channel 3 subunit cDNA. In the insulincontained (in mM) 110 BaCl2, 10 TEA-Cl, and 5 HEPES (pH 7.4 with release experiments, islets were transduced with adenovirus vectorsBa(OH)2). The cells were bathed in solution containing (in mM) 138 encoding either GFP (mock) or 3-CFP (3). The generation of 3-NaCl, 5.6 KCl, 1.2 MgCl2, 10 CaCl2, 5 HEPES (pH 7.4) for whole-cell expressing, replication-defective adenoviruses, using the two-cos-recordings. Single-channel recordings were obtained in cells bathed
mid system, was done as previously described (Wang et al., 2000).in a depolarizing external recording solution, containing (in mM) 125
KCl, 30 KOH, 10 EGTA, 2 CaCl2, 1 MgCl2, and 5 HEPES-KOH (pH
7.15). This solution was used to bring the intracellular potential to Determination of Ins(1,4,5)P3
0 mV. Voltage-gated Ca2 currents were filtered at 1 kHz and Islets from 3–4 mice, either wild-type or 3/, were labeled with 50recorded with an Axopatch 200 amplifier (Axon Instruments, Foster
Ci/ml of [3H]myo-inositol (Amersham Bioscience Corp., Piscata-
City, California) at room temperature (about 22C). The amplitude way, New Jersey) for 48 hr in RPMI 1640 medium (Invitrogen Corp.,
of whole-cell Ca2 currents was normalized by the cell capacitance. Carlsbad, California) without inositol but with 10% fetal bovine se-
Acquisition and analysis of data were done using the software pro- rum, giving a nominal inositol concentration of about 100 M. This
gram pCLAMP6 (Axon Instruments). is sufficient to establish isotopic equilibrium in islets (Biden et al.,
Exocytosis was monitored in single  cells as changes in cell 1987), and thus the amount of label is directly proportional to mass.
membrane capacitance, using the perforated-patch whole-cell con- Islets were then washed and preincubated in 0.5 ml of Krebs buffer
figuration. Changes in cell capacitance were measured at a holding containing 3 mM glucose for 30 min and stimulated for 30 s with
potential of 70 mV and detected using in-house software written 200 M CCh. The reactions were terminated by the addition of an
in Axobasic (Axon Instruments). During the experiments, the cells, equal volume of 10% trichloroacetic acid (containing 250 g/ml of
placed in an experimental chamber with a volume of 0.4 ml, were phytic acid) (Sigma-Aldrich Corp., St. Louis, Missouri). The inositol
continuously superfused at a rate of 1.5 ml/min to maintain the phosphates and lipids were then extracted as previously described
temperature at 33C. Experiments commenced when two succes- (Barker et al., 1995). The neutralized inositol phosphate extract was
sive depolarizations applied at 2 min interval elicited exocytotic stored at 20C until separated on HPLC. HPLC was carried out
responses of the same amplitude (
10%) to ascertain that the ob- using a 25 cm Whatman Partisphere SAX column (Whatman Inc.,
served changes were not simply attributed to spontaneous long- Clifton, New Jersey) and an (NH4)3HP03 gradient as previously de-term changes of the secretory capacity. The pipette solution con- scribed (Staddon et al., 1991). The Ins(1,4,5)P3 identity was con-tained (in mM) 76 Cs2SO4, 10 NaCl, 10 KCl, 1 MgCl2, and 5 HEPES firmed by splitting samples into two and running with or without
(pH 7.35 with CsOH). Electrical contact with the cell interior was a [3H]Ins(1,4,5)P3 internal standard. Fractions were collected andestablished by adding 0.24 mg/ml amphotericin B to the pipette radioactivity was quantified by the addition of Ultima Flo AP scintil-
solution. Perforation required a few minutes and the voltage clamp lant (Perkin Elmer, Boston, Massachusetts) and a Packard Liquid
was considered satisfactory when the series conductance (Gseries) Scintillation counter (Perkin Elmer). Variation in islet yield was nor-
was constant and 35–40 nS. The extracellular medium consisted malized by expressing Ins(1,4,5)P3 as a ratio in relation to the totalof (in mM) 118 NaCl, 20 tetraethylammonium-Cl (TEA-Cl), 5.6 KCl, 1.2 [3H]myo-inositol lipids in the sample.
MgCl2, 2.6 CaCl2, 5 HEPES (pH 7.40 using NaOH), and 5 D-glucose.
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